ABSTRACT Aspidiotus nerii Bouché (Hemiptera: Diaspididae), oleander scale, is a cosmopolitan pest that feeds on Ͼ100 families of plants. A previous study of mitochondrial DNA variation in A. nerii suggested a possible Australian origin for the species. Here, we expand upon that study to include four gene regions and multiple Australian samples. We sequenced fragments of three nuclear genes (CAD, elongation factor 1␣, and 28S rDNA) and one mitochondrial region (spanning parts of cytochrome oxidase I and II), for a total aligned sequence length of 2448 bp, from 22 individuals identiÞed as A. nerii. We infer an allele genealogy for each gene region, and we interpret branches that are congruent across gene regions as indicative of species boundaries. Using this criterion, we recognize three species within our sample of A. nerii. One of these corresponds to the cosmopolitan pest species and the other two are found only in Australia. The two putative Australian species have overlapping ranges and both are found on multiple hosts. Contrary to previous suggestions, the cosmopolitan sexual and parthenogenetic lineages of A. nerii are not recognized as distinct species by both of our methods of phylogenetic reconstruction. Cryptic diversity within what seem to be single cosmopolitan armored scale insect species is a potential serious problem for plant quarantine.
Armored scale insects (Diaspididae) include many destructive pests of orchard crops, forestry, horticulture, and agriculture (Rosen 1990 , Kennett et al. 1999 . The extent of damage they cause has been estimated at US$2 billion/yr in the United States, and they tend to be notoriously invasive . For example, the United States has 134 species of armored scale insects introduced from other countries , now comprising fully 40% of the known U.S. armored scale insect fauna (Ben-Dov et al. 2009 ). Of these species, 85 (63%) are considered pests, and 24 (18%) are considered serious pests. Because they are small, often cryptic, difÞcult to identify to species, and intimately associated with plant material, these highly invasive pests pose an enormous challenge for plant quarantine.
One of several challenges for intercepting invasive armored scale insects is the possibility of cryptic species complexes that cannot be discriminated by the morphological characters that are currently used for identiÞcation. There are several reasons to suspect that cryptic species complexes may occur frequently in armored scale insects. Armored scales have relatively low vagility (ßightless females and short-lived males) and therefore may have highly structured populations, at least in regions where they are native and where their host plants are not being moved around by human agency. Many armored scale pests exhibit extreme polyphagy, with some species recorded from Ͼ100 families of plants (Ben-Dov and German 2003) . Indeed, extreme polyphagy is a very frequent feature of invasive pest species of armored scales: the 43 major pest species of the world (Beardsley and Gonzalez 1975) each attack an average of 36 plant families (BenDov 2009b, Miller and Gimpel 2009) . The combination of divergent selection on different hosts and low rates of movement between hosts may tend to promote host-race formation. Apparent evidence that populations of armored scale insects are locally adapted to individual trees (Edmunds and Alstad 1978 ) is now generally regarded as unpersuasive (Unruh and Luck 1987 , Karban 1989 , Hanks and Denno 1998 , yet the potential for strongly diversifying selection in metapopulations of armored scale insects remains a strong possibility. In cases where population structure has been investigated in scale insects, cryptic species have frequently been found (Cook 2000 , Schroer et al. 2008 .
Aspidiotus nerii Bouché (Hemiptera: Diaspididae), oleander scale, is one of the principal armored scale pests of the world (Beardsley and Gonzalez 1975 , Miller and Davidson 1990 . Although its common name is oleander scale, it exhibits extreme polyphagy, having been recorded from 107 families of plants (Ben-Dov 2009a) . A. nerii is a pest of citrus (Anonymous 2004) , kiwifruit Curkovic 1994, Edwards et al. 2008) , olives (Argyriou 1990) , and a variety of other fruits and ornamentals (Dymock and Holder 1996 , Berlinger et al. 1999 , Germain and Matile-Ferrero 2005 . It has long been apparent that A. nerii comprises a complex of cryptic lineages, because both sexual and parthenogenetic lineages are known (Gerson and Hazan 1979) , a phenomenon observed in Ͼ20 other species of armored scale insects (Brown 1965 , Nur 1990 , Normark 2003 . Provencher et al. (2005) sampled A. nerii from across the Mediterranean region, as well as South Africa, New Zealand, and United States. Their study also included a single Australian sample identiÞed as "Aspidiotus near nerii" by Douglas J. Williams of the Natural History Museum, London, United Kingdom. They sequenced a fragment of mitochondrial DNA and conducted a polymerase chain reaction (PCR) survey for the presence of Cardinium bacteria. Across the non-Australian A. nerii samples, they found two major mitochondrial lineages. One lineage lacked males and was infected with Cardinium bacteria and was inferred to be parthenogenetic. The other lineage had males and lacked Cardinium and was inferred to be sexual. The two lineages differed from each other by 5Ð7%, a level of mitochondrial DNA divergence greater than that typically seen within a single species. The Australian sample was even more divergent and was inferred to be an outgroup to the cosmopolitan sexualϩparthenogenetic clade. Based on this, as well as the relatively high haplotype diversity in New Zealand, Provencher et al. (2005) suggested that A. nerii might be native to Australia.
Here, we revisit the molecular systematics of A. nerii. We are able to build on the study by Provencher et al. (2005) in two respects. First, we expand the sampling of loci to include three nuclear loci in addition to the single mitochondrial locus used by Provencher et al. (2005) . Second, we include samples from Þve additional localities in Australia. We infer a genealogy for each locus separately, compare the genealogies, and use a genealogical concordance approach (Dettman et al. 2003) to estimate the number of species in the complex. This provides further evidence bearing on the distinctness of the sexual and parthenogenetic lineages postulated by Provencher et al. (2005) and on the diversity and geographical origins of the A. nerii complex.
Materials and Methods
Taxa Examined. Twenty-two individuals identiÞed as A. nerii are included in each analysis: nine from Australia and 13 from other regions. The Australian samples were identiÞed as A. nerii by using the best available regional key (Brimblecombe 1959) and were conÞrmed as falling within the taxonomic deÞnition of A. nerii by John Donaldson (Queensland Department of Primary Industries, Brisbane, QLD, Australia). In addition, a representative of each of three outgroup species is included in each analysis: Chrysomphalus aonidium (L.), Octaspidiotus subrubescens (Maskell), and Aspidiotus cryptomeriae Kuwana. Outgroups were selected based on recent phylogenetic work Normark 2006, Rugman-Jones et al. 2010) , and the congeneric status of A. cryptomeriae. Specimens were either preserved in 100% ethanol and stored at Ϫ20ЊC, or frozen at Ϫ80ЊC. Collection information for each specimen is shown in Table 1 .
DNA Sequences. Morphological characteristics used for armored scale identiÞcation require the preservation of the cuticle, and subsequent slide mounting; therefore, our approach to DNA extraction attempted to be minimally invasive and thus required different protocols for fresh and ethanol preserved specimens. Nucleic acids were isolated from specimens by using the DNeasy Blood & Tissue kit (QIAGEN, Valencia, CA) , with the following modiÞcations. For fresh specimens, the insect was placed in the cap of a 1.5-ml Eppendorf tube with 2 l of buffer ATL. Microscope cover glass was broken into small fragments that were slightly larger than the insect. Using sterilized forceps, the coverglass was placed on top of the insect, and downward pressure was applied to force the body contents out. The coverglass was rinsed with 20 l of buffer ATL, and then disposed of. Samples were sometimes stored frozen for several days before 160 l of buffer ATL was added to bring the volume to 180 l as per QIAGENЈs protocol. For insects preserved in 100% ethanol, the insect was punctured using a 000 pin, and air-dried before being placed in 180 l of buffer ATL. The QIAGEN protocol was followed in both methods until the Þrst elution, at which point only 40 l of buffer AE was used. For all specimens, the cuticle was saved for mounting on a microscope slide, and vouchers are maintained in the University of Massachusetts Insect Collection (Amherst, MA).
Four gene regions were used: an intron-bearing fragment of the nuclear protein-coding gene elongation factor 1␣ (EF1␣); the D2 and D3 expansion segments of the large subunit ribosomal RNA gene (28S); a region of mitochondrial DNA encompassing the 3Ј portion of cytochrome oxidase I (COI) and the 5Ј portion of cytochrome oxidase II (COII); and a small fragment from the carbomoylphosphate synthase domain of the nuclear protein-coding gene CAD (rudimentary). For the EF1␣ and 28S fragments, we used the protocols and primers reported in Morse and Normark (2006) , except that for the most recently ampliÞed EF1␣ sequences we used Takara Ex Taq (Takara Bio Inc., Otsu, Japan). For the fragment of COI and COII, we used the protocols and primers reported in Provencher et al. (2005) , except that for most samples we used Takara Ex Taq. The fragment of CAD was ampliÞed using the following procedure. Initially the primer pairs of 787F and 1098R (Moulton and Wiegmann 2004) were used to amplify a fragment of CAD. However we had difÞculty consistently amplifying this fragment, which we suspect was due to the presence of Sequence data with the preÞx DQ were published previously in either Provencher et al. (2005) or Morse and Normark (2006) . Sequence data with the preÞx GQ were published previously in either Andersen et al. (2010) or Rugman-Jones et al. (2010) .
an intron at the 5Ј end of the fragment close to the forward primer binding site. We then designed two internal primers, F2191CAD-ATTGGCAGTT-CTATGAAAAGTG (forward) and R2564CAD-CAATTTGCTTATCCGAAAAAC (reverse), that were used in subsequent reactions and that did not include the intron region. PCR reactions were performed using GoTaq (Promega, Madison, WI), with 25 l of premixed GoTaq reagents, 0.2 M of each forward and reverse primer, 1 l of DNA template, and 22 l of water to bring the Þnal volume to 50 l. PCR product was generated using a programmable thermocycler (MJ Research, Watertown, MA) by using a touch-down procedure. After an initial denaturation at 95ЊC for 3 min, the following protocol was used, 95ЊC for 30 s, 54ЊC for 30 s, and 72 for 1 min. The annealing temperature was lowered every Þve cycles by 4ЊC to a Þnal annealing temperature of 38ЊC. Thirty additional cycles were performed using this annealing temperature, followed by a Þnal extension at 72ЊC for 10 min. For all fragments, products from PCR reactions were visualized using 1.5% agarose gels and stained with SYBRsafe (Invitrogen, Carlsbad, CA). PCR products were cleaned using Exo SAP-IT enzymatic digestion (USB Corporation, Cleveland, OH). Sequencing was performed on a 3730 DNA Analyzer (Applied Biosystems, Foster City, CA) at Yale University (New Haven, CT) to produce both forward and reverse fragments. Sequences were edited using Sequencher 4.2 (Gene Codes Corporation, Ann Arbor, MI). The presence of heterozygous sites was determined visually in Sequencher. When present, heterozygous sites were encoded with the appropriate IUPAC-IUB ambiguity codes. Alignments of the coding regions of EF1␣, CAD, and COI-COII were performed manually because no insertions or deletions were present within these regions. EF1␣ introns and the intergenic regions between COI-COII were Þrst aligned using Clustal X version 2.0.3 (Larkin et al. 2007 ) and then adjusted manually. Alignment of ribosomal 28S was performed using ClustalX. GenBank accession numbers are shown in Table 1 .
Inference of Allele Genealogy. Each allele was analyzed independently using maximum parsimony implemented in PAUP (Swofford 2003) , and Bayesian inference implemented in MrBayes (Huelsenbeck 2001 ). Our parsimony analysis used 100 random addition starting trees, and the tree-bisection-reconnection branch swapping algorithm. Bootstraping was performed using 2,000 pseudoreplicates, each with 100 random-addition starting trees. For our Bayesian analyses we used the following partition schemes; the fragment of 28S had a single partition; the fragment of CAD was partitioned according to codon position; the fragments of COI-COII and EF1␣ were partitioned according to codon position but also included an additional partition either representing the intergenic region between COI and COII or the introns in EF1␣. MrModelTest version 2.3 (Nylander 2004 ) was used to estimate the most appropriate model of evolution for each partition, and a list of the results are shown in Table 2 . The top model for each partition was used during Bayesian analyses either through Bioportal (http://www.bioportal.uio.no) at the University of Oslo (Olso, Norway), or the Computation Biology Service Unit (http://cbsuapps.tc.cornell.edu/mrbayes. aspx) at Cornell University (Ithaca, NY). Two independent runs with four chains each for 20 million generations were analyzed for each allele, and results were visualized using the program Tracer (Rambaut and Drummond 2007) . A burn-in of 4 million generations was used before summarizing the majority rule consensus tree for each allele.
Species Delimitation. We use a multilocus genealogical concordance approach to species delimitation (Baum and Shaw 1995 , Avise and Wollenberg 1997 , Dettman et al. 2003 . If all the individuals in a sample are drawn from a single population, there is no expectation of genealogical congruence between the various loci that have been sampled. At the other extreme, if the sample contains multiple well-deÞned species that ceased exchanging genes in the distant past, then each such species should appear as a monophyletic lineage at many loci. Thus, multilocus genealogical concordance is a conservative heuristic estimator of the boundaries between biological species sensu Dobzhansky and Mayr (Avise and Wollenberg 1997) . Although genealogical concordance has long been discussed as a theoretical property of species, it is increasingly being applied to practical problems of species delimitation (Dettman et al. 2003 (Dettman et al. , 2006 Groeneveld et al. 2009; Menkis et al. 2009 ).
To apply this species delimitation criterion, we inferred a multilocus consensus tree by using PAUP (Swofford 2003) . First, for each of the four loci, we either inferred a strict consensus of all most-parsimonious trees or summarized the results from the Bayesian analyses. Second, for each method of reconstruction, we took the consensus trees and inferred a majority-rule consensus tree, such that concordance between loci would reveal genealogical patterns shared among loci. An internal branch (internode) that was congruent in at least three of the four sampled loci was interpreted as marking a species boundary.
Results

Allele Genealogy for Each Locus.
The total aligned length of the data matrix was 2,448 nucleotide sites. Of this total, CAD accounted for 346 sites and the other three loci (28S, EF1␣, and COI-COII) each had Ϸ700 sites. The COI-COII fragment had the highest number of parsimony informative sites (171), followed by the two nuclear protein-coding genes EF1␣ and CAD (50 and 49, respectively). The 28S sequence had the fewest informative sites (23). Tree scores from the maximum parsimony analyses for each locus are shown in Table 3 .
To convey the haplotype diversity and divergence for each locus, and to compare the overall structure of gene tree topologies, examples of most-parsimonious trees from each analysis are shown in Fig. 1 , and results from the Bayesian analyses are shown in Fig. 2, both with proportional branch lengths. While the different loci varied in their levels of resolution for the major clades, and there are some minor poorly supported topological differences between analyses, only one well-supported node (Ͼ90% bootstrap, or Bayesian posterior probability) was in conßict between loci. In the results from both the parsimony and Bayesian analyses of the COI-COII genealogy, sample D0493 (from New Zealand) was sister to samples D404BϩD418C, and support for this relationship was strong (100% bootstrap, 99% Bayesian posterior probability). This is consistent with Provencher et al. (2005) , who included these three samples in their hypothesized parthenogenetic lineage. At EF1␣, however, sample D0493 shares a haplotype with a different set of samples, including two (D409, D505) that Provencher et al. (2005) included in their hypothesized sexual lineage. Support for this grouping differed between methods of reconstruction (62% bootstrap, 98% Bayesian posterior probability). One other notable difference between loci was observed in the placement of D2053A and D2109A (both from Australia). The results from the Bayesian analyses of both the EF1␣ and COI-COII genealogies placed these samples as sister to the parthenogenic and sexual lineages of A. nerii reported by Provencher et al. (2005) with strong support (100% Bayesian posterior probability). CAD, however, grouped these two samples with the individuals collected from Australia, although with weak support (60% Bayesian posterior probability).
Species Delimitation. The multilocus consensus trees for the two methods are shown in Fig. 3 . From the results of the parsimony reconstructions, there are two congruent internal branches in this consensus that, according to our species delimitation criterion, indicate species boundaries. One of these congruent branches is supported by three of the four loci (all but 28S) and separates all the nonAustralian samples from all of the Australian samples. This non-Australian species (marked A in Fig.  3 ) includes both the sexual and parthenogenetic lineages of Provencher et al. (2005) . The other congruent branch was supported by all four loci, and separates two groups of Australian samples (marked B and C in Fig. 3 ). Mitochondrial diversity within * MrModelTest could not be run on the intergenic region between COI and COII because it did not meet the minimal requirements of character diversity. The GTRϩIϩG model was used during the analysis of this partition. each of the three putative species is high: up to 6.7% within A, 8.4% within B, and 13% within C. From the results of the Bayesian reconstructions, there are Þve congruent internal branches. Four of these branches were supported by three of the four loci, and one was supported by all four loci. These results in general represent further subdivision of the species boundaries recovered from the parsimony analysis. For example, species B from Australia was reconstructed to be three species in the Bayesian analysis (marked species B 1 , B 2 , and B 3 in Fig. 3) . The species designation of one individual, D0493 from New Zealand, was in conßict between analyses. The parsimony analysis placed this individual as part of species A, whereas it was placed within species C in the Bayesian analysis.
Discussion
A. nerii is one of the most common and widespread armored scale insect pests in the world Gonzalez 1975, Ben-Dov and German 2003) . Our results indicate that Australian samples that are routinely identiÞed as A. nerii may not be conspeciÞc with the pest species that is common on other continents. Instead, these Australian samples represent at least two species thatÑso farÑ have been found only in Fig. 3 . Majority rule consensus trees of all allele genealogies. In part A, the strict consensus trees from all the most parsimonious reconstructions of each locus were compared with identify internal branches (internodes) that were congruent across at least three of the four loci. We Þnd two such congruent internodes, which we interpret as species boundaries. These species boundaries divide the A. nerii complex into three putative cryptic species, of which one is globally distributed (A), and two are found only in Australia (B and C). In part B, the majority rule consensus trees from the Bayesian analyses were compared using the method described above. Species were further subdivided into six lineages. The asterisk is used to identify one individual sample (D0493) whose species designation differed between analyses. The number above the branches represents the percent of loci containing that clade.
Australia and possibly New Zealand. The hypothesis that the widespread sexual and parthenogenetic lineages of A. nerii constitute separate species (Gerson and Hazan 1979, Provencher et al. 2005 ) was corroborated by one of our analyses, but not the more conservative parsimony analysis.
The Þnding of cryptic species diversity in Australia tends to support the hypothesis of Provencher et al. (2005) that A. nerii may be native to the Australasian region. We did not however sample any individuals in Australia that shared a haplotype with the global haplotype found in Provencher et al. (2005) ; thus, we cannot conÞrm Australia as the origin of this widespread pest species. Further sampling of A. nerii in Australia and adjacent areas will be necessary to estimate the true extent of species diversity within this complex.
By design, we have attempted to employ a species delimitation criterion that is conservative, tending to yield a low estimate of species diversity. Conservative elements include the following. First, we have used mostly conservative loci (especially 28S, and to a lesser extent EF1␣ and CAD) that are more commonly used for higher level systematics. Second, the use of maximum parsimony and Bayesian majority rule consensus trees has the potential to yield relatively lowresolution allele genealogies. In regards to the parsimony analysis this is due to the presence of multiple most parsimonious trees and in regards to the Bayesian analysis this is due to the uncertainty presented in the majority rule consensus tree. This uncertainty is evident in the fact that both methods resulted in trees with polytomies. ParsimonyÕs wellknown weaknesses in the face of long branches do not affect these low-divergence analyses. Third, although we based our approach on that of Dettman et al. (2003) , we used only their more conservative speciesdelimitation criterionÑ genealogical concordance. If we had applied their second criterionÑ genealogical nondiscordanceÑwe would have recognized more species, due to strong structure at COI-COII and EF1␣. Pending more intensive sampling of populationsÑand of higher-resolution nuclear lociÑwe prefer to err on the side of a conservative estimate of species diversity, and thus feel that the results from the parsimony analyses represent a more conservative estimate of species diversity within the A. nerii complex.
The two putative Australian species recovered from the parsimony analysis each display a high degree of mitochondrial haplotype diversity (8.4% within B and 13% within C), suggesting that further sampling or more sensitive species-delimitation methods would uncover an even greater number of cryptic species. These two cryptic species seem to have overlapping geographic ranges (Fig. 4) , and each was collected from multiple host families (Table 1 ). As mentioned above, A. nerii is one of the most polyphagous species of insects in the world. One possible explanation for the evolution of polyphagy is the presence of many monophagous demes, each specialized on a single host. Although our sampling has not been thorough enough to answer this question properly, we Þnd evidence for both a widespread polyphagous species (C), and in regard to the results from the Bayesian analysis, a species with both the potential of geographic structure and of host speciÞcity (species B). Our results suggest that polyphagy is a trait shared throughout this species complex. This is of particular concern, because any of these cryptic species could be a potential pest species.
The fact that we Þnd what seems to be multiple cryptic species with only a limited sampling underscores the need for further molecular work not only in this system but also for all invasive armored scale species in general. Armored scales are the most species rich family of scale insects, with Ͼ2,400 species. But this number may be a gross underestimate, given that one of the most economically important and thoroughly studied species in the family may in fact be a complex of several cryptic species. The presence of cryptic species masquerading as cosmopolitan pests is a circumstance that severely compromises the effectiveness of conventional plant quarantine protocols. The occurrence of this phenomenon in armored scale insectsÑa particu- larly invasive group ) and a group in which identiÞcation already presents a signiÞcant challengeÑ highlights the potential use of emerging identiÞcation methods based on DNA sequencing (Edwards et al. 2008 , Rugman-Jones et al. 2009 ) and the necessity of more thorough sampling of armored scale pests in their native habitats.
